We consider a scenario of Low Scale Seesaw where the masses of its heavy Majorana neutrinos are arranged in a pattern of three pairs of quasi degenerate ones, in the range of O(1 − 6 GeV). Since they can violate lepton number by two units, they contribute to rare decays of Ds and Bc mesons, providing, besides, conditions for maximal CP violation. We found that new phenomenology is possible depending on how many of on-shell pairs mediate these decays. In particular, we present new constraints on muon-heavy neutrinos mixing parameters.
I. INTRODUCTION
Recent experiments have shown that neutrinos have non-zero masses [1, 2] , and that the mixing pattern between mass and flavour states is explained by the Maki-Nakagawa-Sakata Matrix, U MNS [3] . Within the requisite that the matrix which diagonalize the whole neutrino mass matrix is unitary, current uncertainties in the elements of U MNS allow a small range for mixing between SM flavours states and new sterile ones [4] [5] [6] [7] [8] , which would imply a tiny interaction of the latter with SM particles. Likewise, as the θ 13 angle of U MNS is non zero [9, 10] it remain open the possibility that light neutrino sector could violate the CP symmetry; certainly, this is not enough to explain Baryogensis via Leptogenesis [11] . Additionally, depending whether neutrino nature is Dirac or Majorana we would have three (Majorana) or one (Dirac) CP violation phases. [12] . It has been proposed [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] that detection of rare decays of mesons of type M → ℓ 1 ℓ 2 M ′ (with M, M ′ being mesons, whereas ℓ 1 , ℓ 2 are charged leptons), which shows that (i) asymmetry between modes which are charge conjugated each other (CP Asymmetry), and (ii) Lepton Number Violation (LNV) and/or Lepton Flavour Violation (LFV), would reveal, respectively, the presence of such phase(s) and that neutrinos are, in fact, Majorana particles. Concerning processes with ∆L = 2, rare meson decays (RMD) here studied play an alternative role to the Neutrino-less Double Beta Decay, allowing to extend the neutrino mass range from 100 MeV to a few GeV. In this line, it is known that CP asymmetry of such processes is maximized when two Quasi-Degenerate Heavy Neutrinos (QDHν) participate as an on-shell intermediate state [20] [21] [22] [23] , producing a resonance as their masses become almost degenerate. The framework within such QDHν have been proposed is the Type I Seesaw Mechanism (SS1) [24] [25] [26] [27] , defined by the adition of one SM-fermion singlet (right-handed neutrinos, ν Ri ) per generation, resulting in a neutrino mass matrix given, in the basis ν = (ν c L , ν R ), by
Here, v = 246 GeV is the Vacuum Expectation Value (VEV) of the Higgs Field, Y is a 3 × 3 Yukawa coupling matrix and M R is a 3 × 3 mass matrix corresponding to a Majorana mass term; since the neutrino mass sector of SS1 presents a mass matrix (Eq. (1)) contracted with basis which are charge-conjugate each other (ν c and ν), we say that the whole mass matrix is a Majorana type one, providing its M R -term the source for explicit LNV. Diagonalization of Eq. (1) provides both light and heavy mass states: the former have masses given by the eigenvalues of m and M R 10 2 MeV, (ii) one of the heavy neutrinos, whose mass is in the O(10) KeV range, becomes a candidate for Dark Matter (DM), and (iii) the masses of the other two heavy states, lying in the range M h 100 MeV, are close enough to produce the above mentioned effect for RMD. Recently has been proposed by the CERN-SPS Collaboration [32] to search for Heavy Neutral Leptons (HNL) from rare decay of B, B c , K and, preferentially, D and D s mesons.
From an experimental perspective, the drawbacks of seesaw mechanism (type I, as well as types II [27, [33] [34] [35] [36] and III [37] ) is that they require values of M to be very large in order to reproduce m ℓ ∼ O(0.1) eV. In fact, assuming that Y lie in the range of Yukawa coupling for SM fermions (i.e., Y ∼ 10 −6 − 10 0 ) we obtain that M ∼ 10 3 − 10 15 GeV, and, consequently, that the mixing between SM flavour states and heavy neutrino mass ones is Y v M ∼ 10 −6 − 10 −11 , so any manifestation of such heavy neutrinos is out of reach of current reactors. Low Scale Seesaw Mechanism (LSS) models add not one but two right-handed neutrinos per family to SM (ν Ri and S i ). As only the mass terms ν L ν R and ν R S are allowed, the neutrino mass matrix is given, in the basis (ν c L , ν R , S), by
which results in massless active neutrinos. Including the block (M ν ) 33 = µ, active neutrinos acquire masses given by the eigenvalues of m
, which is known as Inverse Seesaw Mechanism (ISS) [38] , whereas if we add the block (M ν ) 13 
, which is called the Linear Seesaw Mechanism (LS) [39] . We see that required values for m ℓ can be adjusted not only with a big M but with a small µ or ε, respectively. In fact, using Y ∼ 10 −1 , µ ∼ O(100) eV or ε ∼ 10 eV we obtain that the heavy parameter of these models (M ) is not larger than ∼ O(1) TeV, and that the typical mixing with SM particles is
, therefore this models predict phenomenology which could be detected in the short term. In both cases there are two trios of heavy states, N 1 and N 2 , whose masses are the eigenvalues of
The key for obtaining two QDHν in νMSM lies in the fact that when its masses are exactly equal (and, by construction, the otherwise KeV mass vanishes) the model presents a global U(1) symmetry; so, slightly breaking this symmetry we obtain both the KeV mass and the quasi-degeneration between the states with M 100 MeV [31] . Furthermore, as this quasi-degeneration comes from the removal of a symmetry in the Lagrangean, its smallness is protected from radiative corrections (we say they are naturally small, in the 't Hooft sense [40] ). On the other hand, the mechanism for obtaining an enhancement in the CP asymmetry between a process P and its charge conjugate P c is, essentially, that their amplitude is the sum of two diagrams, each one of them mediated by Majorana neutrinos with masses M 1 and M 2 . Then, assuming that (i) such QDHν are on-shell, and (ii) their interactions with SM particles are very weak (i.e., the Narrow Width Approximation -NWA-), we obtain both the amplitude of Rare Meson Decays (RMD) and its CP asymmetry is maximized when ∆m N = m N2 − m N1 ∼ Γ N , where Γ N is the decay width of the heavy neutrino N [21, 22] (Γ N is a soft function of m N [41] ).
In this paper we propose that scenarios with Low Scale Seesaw (LSS), i.e., those obtained when we add blocks
, can provide not one but three pairs of QDHν, which could enhance the branching ratio (BR) of RMD of mesons going to two charged leptons and another meson, and, eventually, the CP asymmetry between modes which are charge conjugated to each other. For this purpose we need that, in principle, all the intermediate heavy neutrinos are on shell (i.e., m M − m ℓ1 > m N > m M ′ + m ℓ2 ), so its masses have to be in the range of O(100) MeV for K decay, and in the range of O(1) GeV for B and D decays. Since LSS models propose that masses of heavy neutrinos can be as big as ∼TeV scale, we regard scenarios where at least one pair of QDHν lie in the range of O(10 −2 − 1) TeV, so they could contribute to processes testable at LHC.
The program of this paper is the following: in Section II we explain how to get three pairs of QDHν in a scenario of Low Scale Seesaw; in Sections III and IV we present the formalism for meson decays mediated by three pairs of quasi-degenerate heavy neutrinos and its corresponding results for B, B c , D and D s cases, respectively. Finally, in section V we present our conclusions.
II. PROPOSAL
We consider the LSS extension of SM consisting of two families of sterile neutrinos, {ν Ri } and {S i } (with i = e, µ, τ ) [38, 42, 43] , which yields, in principle, the blocks of Eq. (2) (up to here, active neutrinos remain massless). Then, generating the term
we obtain masses for active neutrinos according to Inverse and Linear seesaw regimes, respectively. With this, we express neutrino mass sector in both flavour basis (ν
where m D ∝ vY and ∆ = m 2 − m 1 (all of them are 3 × 3 matrices). Now, following the reasoning of Ref. [31] we can fix ∆ = 0, obtaining three pairs of exactly degenerate heavy neutrinos (its masses are given by the eigenvalues of m 1 ≃ M ; i.e., we have three pairs of exactly degenerate heavy neutrinos); after this, we produce a tiny term ∆ ′ N c 2 N 2 , with ∆ ′ ≪ m 1 , which causes the spectrum in the N 1,2 states to become quasi-degenerate. Then, we ask about the symmetry that we have lost in the transition from ∆ = 0 case to the one in Eq. (3). In fact, noting that the second term in the third line of Eq. (3) 
where α is some global phase, leaves invariant L ν mass | ∆=0 . Thus, the inclusion of ∆ ′ Ψ c Ψ, with ∆ ′ ≪ M , slightly spoils this symmetry (it is clear that q N2 = −q Ψ ). Besides, the fact that ∆ ′ = 0 restores a (global) symmetry in the Lagrangean is enough reason to expect ∆ ′ to be naturally small, in the 't Hooft sense [40] , i.e., that RGE does not affect its smallness.
Therefore, as we know how to get QDHν, we shall regard three possible scenarios, depending on how many of them can mediate as on-shell particles in the RMD above mentioned. For this purpose we require that the masses m Ni of all the intermediate neutrinos lie in the range [21] 
where ℓ i are the final charged leptons. The Scenario I includes only one on-shell pair and does not offer new phenomenology (in GeV neutrino-mass scale) with respect to the one proposed in νMSM model [28, 29] , regarding that masses of quasi-degenerate neutrinos are in the few GeV range which were studied in Ref. [30] (see Refs.
[20]- [22] for predictions about RMD). Even when we are not going to explore Scenario II, the one with two pairs of QDHν in the on-shell range, it is important to mention that, as their masses are sufficiently large, both Scenarios I and II offer opportunities for searching sterile neutrinos in collider experiments as LHC [44, [46] [47] [48] [49] (particularly, for neutrino masses in the order of TeV); however, has been shown (with some caveats) that sterile neutrinos heavier than LHC mass scale not bring out leptogenesis in case observe LNV at LHC [50] ; see [51] , section 6, for a extra and helpful discussion. Finally, Scenario III takes into account all the three pairs in the on-shell mass range (see Fig. 1 ). By simplicity we shall assume that the mass gap η between different pairs satisfies η/m N ∼ ∆m ℓ /m ℓ , or η ∼ 0.1 m N , where m ℓ is the mass of light neutrinos (i.e., heavy neutrinos pairs are so degenerated as light ones). In Section IV we show results of RMD within the assumptions of each one of these scenarios. As mentioned, future experiments as SHiP [32] will be a meson factory and could explore intermediate particle masses, from (≈ 106 MeV) until (≈ 6 GeV) depending on the initial and final states. 
III. MESON DECAYS MEDIATED BY THREE PAIRS OF QDHν
Now we describe the RMD process M + → ℓ Figure 2 , and occurs via exchanges of on-shell neutrinos N j . The contributions mediated by off-shell neutrinos and processes including loops (t-channel) are strongly suppressed [18, 52] . Therefore, we focus on the on-shell mass region (Ec. (5)) and tree level processes (s-channel).
The s-channel of the lepton number violating decay
As we can see in Fig. 2 , the process violates the lepton number by two units; in consequence, the intermediate neutrinos (N j ) must to be Majorana fermions.
In order to fix notation, we consider that states {N j , N k } are neutrinos with masses 
be the amplitude for the process
′− intermediated by the eigenstate N i , with mass m Ni , which enters in the charged current through the mixing
is the matrix element which relate the i-th (j-th) charged lepton (neutrino) mass state with α-th (β-th) flavour one). Here we consider that the B ℓN elements includes all the CP-violating phases [53] . Further, p M , p M ′ are the momenta of mesons M , M ′ and l 1 , l 2 are the momenta of charged leptons ℓ 1 , ℓ 2 , whereas f M , f M ′ , are the meson decay constant, and V αβ correspond to CKM element (for instance, if M is a Kaon K + , V quq d = V us ). Thus, the squared amplitude probability for this process is given by
where ad pairs refers to neutrino pairs which have arbitrarily different masses (13, 14, 15, · · · ). Given the fact that heavy neutrinos are weakly interacting particles it is useful to implement the Narrow Width Approximation (NWA),
in order to obtain an analytical expression for the terms of Eq. (7). Now, using Eq. (8) and extending the treatment of decay width for only one pair of QDHν we find in Refs. [21, 22] , the corresponding decay width for three pairs is
M cos θ 65 δ 65 .
Here d 3 is the number of states available per unit of energy in the final state (3-body phase space) where the factor (2 − δ ℓ1ℓ2 ) refers to the symmetry factor of the amplitude, the factor 2 in front of the latter is due to the contribution of the crossed channel (ℓ 1 ↔ ℓ 2 ), δ jk measures the effect of N k -N j overlap, θ jk represents the phase difference θ jk = (φ 1j + φ 2j − φ 1k − φ 2k ), related with the heavy-light neutrino mixing elements by mean of B ℓj N k ≡ |B ℓj N k |e iφ jk (where k, j = 1, 2, see [22] ), and, finally
is the normalized decay width of each sterile neutrino [22] (x j , x ℓj , functions λ and Q, coming from integration in d 3 , are detailed in the Appendix, as well K M ). The main difference with the case with only one pair of QDHν (Scenario I) is in the three last terms of Eq. (9), where we can see the interference within three pairs (instead of one pair) of adjacent heavy neutrinos, N 1 N 2 , N 3 N 4 and N 5 N 6 . Numerical integrations over the squared amplitude of Eq. (7) show that all the other contributions (13, 14, · · · , 46) are strongly suppressed. As we shall see in §IV, these contributions will increment the Branching Ratios for RMD, allowing strict restrictions over the couplings B ℓN . Besides, in Eq. (10) we will assume that Γ [21] . It is important to note that the relation between ∆m jk and y jk is independent of the already assumed NWA; besides, this y jk enters only indirectly into Eq. (10), through the overlaps δ jk . The latter is manifested implicitly in the parameter Γ Nj present in Eq. (10) . Previous studies [21, 22, 52, 54] have shown that δ jk is a function of y jk and y jk = 1 (when δ jk = 0.5) is the best choice for measurable CP violation and feasible baryogenesis via leptogenesis [55] [56] [57] . From now on we shall assume y jk = 1 (δ jk = 0.5). In addition, we must take into account the acceptance factor, which is defined as the probability of the on-shell neutrino N j to decay inside the detector of length L,
where γ Nj is the Lorentz time dilation factor in the Lab System (∼ 2). Consequently, the Effective Branching Ratio (EBR) is
IV. RESULTS
Now we apply what we know about the decay of mesons mediated by three pairs of on-shell QDHν to the processes D
As we mentioned in previous section, we can deal with three possible scenarios, depending on how many pairs of QDHν can mediate as on-shell particles in the RMD, which depends on whether their masses lie or not in the range of Eq. In all of them we see that the inclusion of two or three pairs of QDHν (scenarios II or III, respectively) results in an increase of the EBR in comparison with the case with only one such pair [21, 22] . In Fig. 4 we show the ratio between the EBR calculated with three pairs of QDHν (EBR3) and the one with only one pair (EBR1) for the decays of Fig. 3 . In fact, we see even when m N lies in the range of Eq. (5) 
where f = η /mN ∼ 0.1, because we demand that all the three pairs contribute to the EBR and, then, to its respective ratios with EBR1 (otherwise we are in scenarios I or II, which are not the goal of this work). This is the reason why the decays of D s and B c exhibit an abrupt cut at m N ≃ 1.7 GeV and m N ≃ 5.7 GeV, respectively. Besides, in Figs. 4 we see that predictions for EBR3 are between three and four times greater than EBR1. It is interesting to note that, even when these ratios are almost constant in the allowed range for m N , they have a significant increases (cups) near the extremes. In order to know why this is happening, in Fig. 4 we show the corresponding ratios for different values of η (the degeneracy among QDHν), and we note that we get smaller increase as we reduce η. This is easy to understand in the light of Figs. 1 and 3: (i) as m N = m N3 ≃ m N4 , the EBR for values of small (great) m N always get contributions from one pair with masses around m ∼ m N + η (∼ m N − η), so (ii) only when η is sufficiently small all the pairs lie in the extreme zone, given a total EBR corresponding only to extreme masses; (iii) otherwise, when η is large an EBR labelled with an extreme mass contains contributions from masses closer to the middle region of Eq. (13), which clearly yields greater values of EBR. It is worth to mention that when we ignore the η-effect (i.e., making η ≪ m N ), the EBR3 is just amplified by a factor three with respect to EBR1, hence the shape of dashed lines in the plots of Fig. 4 . (This is because all the mass dependence from phase space in Eq. (10) is the same for each intermediate heavy neutrino). Finally, we note that η-effect produces an increase or a decrease of these ratios as m N is, respectively, smaller or larger than certain m N (a function of masses of external particles). This can be understood by means of Fig. 3 , where the peak of EBR3 always occurs for a mass smaller than the mass for which EBR1 has its maximum; therefore, comparing the slopes of EBR1 and EBR3 after its respective maxima, we see that the latter decreases faster than the former, contributing to the decreasing of the ratio in comparison with dashed curves of Fig. 4 . Also, we note that the interference terms in Eq. (9) do not seem to manifest in the ratios of Fig. 4 . This is due to the fact that, as we have one of such interferences in the denominator and three in the numerator, they cancel mutually, surviving only the factor three above mentioned. It is important to point out that our choice of θ ij = π/4 in Figs. 3-4 is a necessary condition to maximize CP violation (y jk = 1, i.e., δ jk = 0.5) and simultaneously the decay width presented in Eq. (9) . It is worth to mention that the exact point of maximal CP violation implies δ jk = 0.5 and simultaneously cos θ ij = 0 [21, 22] . Finally, in Fig. 5 we show a comparison among the current upper limits for |B µN | 2 provided by Ref. [41] (based on a model with seesaw type I) and the ones obtainable from the predictions of our Scenarios I and III, again under the assumption that |B µN | ∼ |B ℓN |; for a extra discussion about heavy-light neutrino mixing see [58] [59] [60] . This was done by demanding that the number of predicted events for RMD was N RMD = (|B µN | 4 f k ) × N mes ≥ 1, where N mes is the production rate of mesons per year at SHiP 1 , N Ds ≃ 5.0 × 10 16 and N Bc ∼ 10 12 , and f k is the factor that includes all the kinematics due to each scenario (in fact, η-effect is present). Therefore, the plots of scenarios 1 and 3 indicate the minimum value of |B µN | 2 capable of producing one event of RMD. Even when predictions for EBR3 allow smaller limits for |B µN |, their differences respect to the ones for EBR1 are dominated only by the factor √ 3 coming from the three pairs of QDHν, which is even less notable in a logarithmic plot. Now, the fact that these limits are so close implies it will be difficult to decide which underlying seesaw scenario is the origin of these RMD. 
s , based on expected luminosities for mesons. As before, we used L = 1 [m], γN = 2 and η = 0.1mN .
V. CONCLUSION
We studied the rare decays of mesons (D
s ) regarding they can produce six on-shell heavy neutrinos with masses in the range of ∼ 1 − 6 GeV. For this purpose, we assume the context of a low scale seesaw model constructed with the SM field ν L and two extra neutrinos ν R and S, where the mass of light neutrinos (m ℓ ) is obtained by the introduction of a small parameter in the neutrinos mass matrix (µ or ε, for inverse and linear seesaw regimes, respectively), allowing that the large scale of the model (M ), the same as the heavy neutrino masses (m N ), lies in the above mentioned range. In order to reproduce the conditions we find in the literature (those leading to maximum CP violation and feasible baryogenesis through leptogenesis) we promoted an argument, based on naturalness, which produces a heavy neutrino mass spectrum with three pairs of quasi-degenerate neutrinos (Fig. 1) , where the differences between adjacent masses satisfy m N2 − m N1 ≃ Γ N1 , m N4 − m N3 ≃ Γ N3 and m N6 − m N5 ≃ Γ N5 , where Γ Ni ∼ 10 −20 GeV are total decay widths of N i 's. In other words, we assumed that heavy neutrinos are particles interacting weakly with SM physics. Likewise, we fixed the difference among pairs of heavy neutrinos, η ∼ 0.1m N , such that these pairs have similar relative mass patterns as the active neutrino have. In our calculations we simplified many numerical details concerning the Effective Branching Ratios, making all the couplings between the heavy neutrinos and muon equals, B µNi = B µNj . We enhanced CP violation effects by choosing the conditions y jk = 1, implying that the overlap parameters δ jk between neutrino resonances become appreciable (δ jk = 0.5). For definiteness, we choose the CP-violating phase differences φ i − φ j such that cos(φ i − φ j ) = 1 / √ 2 when the overlap between wave functions of heavy neutrinos N i and N j is δ ij = 0.5. Since the masses of the on-shell heavy neutrinos needed to be in a determined kinematic range related with the masses of the external particles of the decays, we considered three possible scenarios depending on how many pairs this range actually contains, and we obtained a consistent increase in the EBR of RMD as we increment the number of QDHν. In particular, we conclude that the inclusion of two new pairs of QDHν essentially triplicates the EBR of the RMD decay width in comparison with the case with only one pair. Besides, we worked with an effective range for neutrino masses in order to consider all the three pairs, and we found that the ratio between EBR3 and EBR1 was not exactly three, but there was a small variation due to the fact that these pairs were separated by an amount η ≤ 0.1m N ; this effect vanishes as η → 0. The approximate triplication of the EBR we found is consistent with the fact that the mass factor coming from phase space integral is approximately the same, independently of the number of intermediate on-shell neutrino pairs. On the other hand, RMD detection, together with the maximization of CP asymmetry (hence the necessity of QDHν), is not necessarily attributable only to scenarios like νMSM, but also to Low Scale Seesaw mechanisms. Furthermore, the latter needs smaller coupling between charged leptons and sterile neutrinos than the former (Fig. 5) . Even when our RMDs need neutrinos with masses around a few GeV, it is interesting to note that the off-shell range neutrinos of scenarios I and II could perform new phenomenology, regarding that their masses lie in the appropriate range [61] . Therefore, there is a phenomenological distinction between this proposal and the one, for instance, of νMSM: in fact, scenarios I and II provide simultaneously QDHν pairs of neutrinos which contribute to the EBR of RMD and, besides, heavier neutrinos (now, not necessarily QDHν) whose phenomenology is testable at LHC. As a consequence, if experiments find both RMD in a way compatible with QDHν and phenomenology of heavier neutrinos in the, say, 100 GeV scale, it could be a signal in favour of LSS mechanism rather than type I seesaw mechanism. Finally, is worth to mention that, for instance, our scenario II provides a couple of quasi-degenerate neutrinos whose masses are still free to be set in the appropriate range in order to contribute to neutrinoless double beta decay, in this context some work have been done [62] [63] [64] [65] . 
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The Kinematic Functions shown in Eq.(10), coming from the phase space integration, are given by the expressions λ(y 1 , y 2 , y 3 ) = y 
